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Transverse beam emittance at injection is thought to be somewhat fixed by the injector chain but depending on the bunch population it may vary within the range E, = 1...3 mm.mrad (normalized, . The emittance evolution at the collider energy depends on the choice of B, e.g., the HF option is less dependent on the injection emittance because of synchrotron radiation damping.
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RF frsquency fRF also is "an approximately free parameter". To make synchronization and injection easier, the frequency ;jhould be a multiple of the FNAL Main Injector RF frequency of 53 MHz. Multi MV 477 MHz (=9x53 MHz) superconducting RF is considered for the VLHC [3] .
Longitudinal emittance EL and the lattice are thought to be free parameters. Longitudinal emittance in the range of 0.2 -3 eV . sec rms does not affect the luminosity and the other parameters too much, while larger emittances can help to damp instabilities. As for the lattice, it is relevant that numerous lransverse instabilities have longer risetime in a lattice with, smaller average beta-function. On the other hand, choice of the lattice must be done takmg into account many other physical considerations as well as cost saving arguments. Table 1 
BEAM INSTABILITIES
High Field 1.5 28.
There are several instabilities which may take place in the VLHC. !;om, of them are rather "weak" in the sense that they do not lead to beam loss (e.g., coherent synchrotron tune shifi:, longitudinal microwave instability) or have slow growth rates (instability due to photoelectrons). Others are "strong" -like TMCI or the resistive wall coupled-bunch instability. All the effects are more severe in the low-field option of the VLHC. Nevertheless, we have found that none of the instabilities can be considered as a "show-stopper" for either the low-field or high-field VLHC. Even at the current status of accelerator physics and technology there appear to be enough tools to damp/eliminate all of the instalbilities.
Transverse mode coupling instabilityat 3 TeK This is also known as: "strong head-tail'' (in contrast to "weak headtail" which is due to chromaticity). Frequencies of coherent bunch motion (mode 0) and head-tail motion (mode 1) are shifted by the transverse wide-band impedance toward each other. Above a threshold the frequencies become equal and instability occurs with characteristic growth time of a fraction of a synchrotron period. TMCI in the LF VLHC is mostly due to RW impedance (>90% contribution) and has a threshold of This instability was observed at many electron storage rings (PETRA, PEP, VEPP-4, LEP) which usually increase the synchrotron tune v, in order to increase the TMCI threshold. To date there is no solid evidence of the "strong-head tail" instability in proton machines. For example, there is a large spread of the Tevatron transverse broadband impedance estimates 21 = (3 -10) MR/m (the resistive wall contributes about 0.8 MR/m) [5] . That yields threshold bunch populations of NZ" = (12 -3.7) . loll.
Since the maximum number of protons per bunch in the Tevatron to date has not exceeded 3.3 . lo'', the Tevatron intensity is below the threshold. It is expected the proton TMCI will be important at injection into the SPS, when it works with LHC parameters [6] and in the VLHC.
Ways to increase the TMCI threshold. There are "trivial" ideas of increasing the TMCI threshold by decreasing C, or increasing aperture a, injection energy Einj or bunch length 0,. Unfortunately, most of these parameters are fixed or approximately fixed. A smaller beta function < 0 > and larger synchrotron tune can help, see Eq.1, but may cause a significant cost increase (more quadrupoles, more powerful RF system). Less obvious and more interesting approaches are: Let us consider these techniques. Instead of injection into every 9th RF bucket (if fRF = 477MH.z = 9 . fMIRF), one can fill more buckets and thus, reduce the single bunch intensity (up to) 9 times. Of course, after acceleration to the top energy of 50 TeV one needs to coalesce every 9 bunches into one in order to get the design luminosity. To be effective, the coalescing process must not cause a significant increase in transverse emittance (while the longitudinal emittance requirement is not strong -see discussion above). The technique is routinely used in the Tevatron collider injector chain.
The use of a thin coating of conducting material with conductivity better than A1 alloy can help as Nthr c ( dconductiwity. For example, a 10 pm layer of copper or silver (2-3 times the skin-depth at bunch frequencies of about 3 GHz) will give a 30-40% threshold increase.
Recently, it was demonstrated in Ref. [9] , that the absence of axial symmetry of the beam pipe leads to the appearance of an additional wake-force component which is proportional to the coordinate of the trailing particle in the bunch (while in axisymmetric structures, the force has a component which is proportional to the leading particle coordinate only). As a result, betatron oscillation frequencies of the head and tail of the bunch become unequal, and such a detuning leads to an increase of the TMCI threshold. For example, in a flat beam chamber geometry with half-gap a, one can expect a threshold increase of the order of 3-3.5 with respect to a round beam pipe with radius a (that factor consists of a factor of 2 in geometrical wake reduction and about 1.5-1.75 of improvement due to the detuning wake effect). However, it may be that the transverse coupled-bunch instability would require a round vacuum chamber, i.e., in contradiction to the TMCI consideration. Further studies and numerical simulations of the detuning wakes in elliptic chambers are under way.
One more opportunity to counteract effectively TMCI was considered recently in Ref.
[ 101. Introduction of a correlated tune spread from the head to the tail of the bunch using RF quadrupoles has shown a significant increase of the threshold if the spread is several times the synchrotron tune v,. The idea is similar to BNS-damping in linear electronpositron colliders which was experimentally proven as an effective way to counteract beam break-up in the SLAC Linear Collider. Figure 2 below shows an increase of the TMCI threshold in the LF VLHC driven by resistive wall wake with a head-tail tune spread generated by an RF quadrupole. The RF quadrupole for the VLHC seems to be a rather feasible technique as it requires only 20 m of superconducting RF cavities (or about 50 m of copper cavities) with a quadrupole mode excited. A major concern is that the beam footprint due to RFQ induced incoherent tune spread can be too large to tolerate. 
<(s) = EO + < I * sin(w,s/c). ( 2 )
The AC scheme not only provides damping of the weak head-tail instability but also increases the TMCI threshold due to Landau damping and rotation of the head-tail phase. Possible TMCI threshold increase is given by NthrlNthr(51 = 0) = 1 + 0.6 . <lV(SP/P)/V,. (3) E.g., for parameters of the LF VLHC with t 1 = 2 (i.e., AC chromaticity about twice the natural one) we get a threshold increase at injection of about 9. As with the RF quadrupole, a foreseeable limitation would be reduction of dynamic aperture due to resonances. There is the possibility to reduce resonance excitation with very fast chromaticity modulation when different parts of the ring have different but constant in time [(s).
The TMCI threshold can be increased with use of a feedback system. Resistive feedback doubles the threshold in PEP (see [7] and references therein) and in the VEPP-4M storage rings [8]. Relevant VLHC parameters (bunch length, synchrotron tune) are close to the VEPP-4M parmeters. So, it can be assumed, that conventional feedback has to help at VLHC, as it does at the VEPP-4M collider.
A special kind of the "head-tail'' feedback can further increase the TMCI threshold. Essentially, it is based on high-frequency pick-up(s) and kicker(s) which distinguishing "head-tail" motion (azimuthal modes) or portions of 10 cm long bunches (rms). After amplification, one turn delay and 90" betatron phase adjustment, the signal goes Mean beam current, IB, mA Risetimi: N R W , turns into the kicker, that results in mode "-1" suppression. The tune shift of mode "0' is suppressed by a conventional resistiveheactive feedback system, and as a result, the mode coupling takes place at larger Nthr. Though preliminary results are very promising (4-10 times threshold increase), the method needs more analytical and numerical studies.
Generally speaking, the threshold increase factors for the differeni methods listed above can not be multiplied, e.g., RF quadrupole can not provide much TMCI damping in addition to the AC chromaticity scheme if the latter is implemented and generates the maximum allowable tune spread. Nevertheless, a combination of two or three appropriate methods can give safety factors in LF VLHC of the order of S CY 6 -_ 20 (which corresponds to a luminosity enhancement of S2). The instability is rather weak and can be eliminated by any of the following: a) increasing the bunch length, b) reducing the slope of the RF wave with a second RF system at a higher frequency, c) low-power longitudinal feedback for the first modes (e.g., quadrupole, sextupole, etc; dipole mode will be damped anyway by a mandatory phase locked loop). Such an instability was observed at the SPS [4] . Comparison of the impedance estimates and The VLHC intensity is below threshold in both cases. Note that the longitudinal emittance ~l = 2 eV.s for the LF case and Q = 0.3 eV.s for the HF case.
Longitudinal microwave instability a t 50 TeV Also known as "turbulent bunch lengthening", the instability leads to a blow-up of the longitudinal emittance above a certain threshold (instead of just distortion of the RF potential well). The instability is caused by coupling of the beam to the very high frequency part of the impedance, and does not lead to beam loss (see Ref. 
R&D OPPORTUNITIES
question why TMCI has not been observed at proton machines should be studied in detail. In particular, we propose a measurement of the tune shift vs bunch intensity at the Tevatron. Existing data on the weak head-tail instability (due to chromaticity) at the Tevatron can be analyzed in the Main Injector can provide beams with smaller longitudinal emittance, e g., E L = 0 5 eV s, that would lead to the threshold as low as 0.01 Ohm that is 10 times less than the machine impedance in the LF order to get an estimate of the transverse impedance of the ring.
TMCI can be intentionally excited by a controlled increase of the Tevatron impedance due to "an electron lens" being constructed for beam-beam compensation in the Tevatron [12] . Wake fields due to the electron beam can cause the instability if the solenoid magnetic field is less than some threshold value (of the order of 17 kG) [ 
131.
Detuning wake studies can include a) simulation of the detuning wakes in realistic geometry with available codes, like TBCI, ABCI; b) on-bench measurements of the detuning wake excitation at high frequencies in beam pipes; c) detuning wake measurements with use of short intense electron beams (from a photoinjector) traveling in an asymmetric environment (e.g. in between two parallel ceramic plates).
An RF quadrupole can be designed, fabricated and tested at an existing electron machine. A good candidate is VEPP-4M (Novosibirsk, Russia) where TMCI limits single bunch intensity, and bunch length and synchrotron frequency are comparable with the VLHC design parameters.
Evaluation of different kinds of feedback systems for TMCI suppression can be done with numerical codes, and a prototype feedback system could be built and tested.
Coupled-bunch instabilities suppression: the effectiveness of multistage feedback system with small delay (to damp the resistive wall coupled-bunch instability) has to be studied numerically. Experimental studies could concentrate on gain limitations in these systems. Another subject of studies can be the detuning wake effect on the coupled bunch instability in the VLHC.
